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Abstract 
Traditionally manufacturing cycle involves several production processes that are carried out according to the required technologies tacking into 
account the constraint due to the production capacity provided by machine tools and the customers’ orders time schedule 
In this paper, a new modular, reconfigurable and scalable machining centre is presented. The resulting system is characterized by the possibility 
of modifying the machining capacity as well as exchanging the role between workpieces and machining/operating resources. This augmented 
flexibility creates new opportunities for efficient manufacturing; however, the increased system complexity demands a new approach for the 
jobs scheduling and machining control. An architecture based on agents modelling is proposed and discussed. 
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1. Introduction 
Complexity characterizes the manufacturing industry; in 
fact, globalization, competitiveness, and the economic crisis 
made products manufacturing a difficult task that requires the 
coordination of designers, processing technologies, suppliers, 
in order to satisfy customers requirements. 
Historically, the efficiency of manufacturing has been 
improved by organizational and technological innovations 
starting from the introduction of the chain driven assembly 
line, Dedicated Manufacturing Line (DML), to CNC 
machining centers, FMS, CIM. Although some proposals have 
been widely adopted, other machining tools and 
manufacturing systems innovations resulted of difficult and 
limited application in the manufacturing industry. 
In the last decades, the Reconfigurable Machining Tools 
concept has been suggested and several examples are reported 
in literature [1-3]. One of the last proposal on reconfigurable 
machining systems [4] expands reconfigurability by 
introducing scalability through a Lego-like architecture; the 
augmented capabilities and flexibility however require new 
control strategies able to face the associated complexity. 
This paper presents the novel Lego-like reconfigurable 
machine tool architecture and proposes an emergence 
approach based on Multi Agents System (MAS) to manage the 
machining system complexity that results from the novel 
reconfigurability approach. 
2. Manufacturing System Complexity 
Nowadays manufacturing systems (MS) are complex 
systems difficult to reduce to a linear paradigm by avoiding 
the external environment which is considered able to 
accommodate all the MS production, including fallout and 
side effects, due to the hypothesis of independence between 
the MS and the external environment. Moreover, the resources 
are considered under full control, e.g. employees can be fired, 
the environment can be polluted, etc. Systems composed of 
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interconnected entities that show properties and behaviours 
not manifest from the sum of its single parts are defined 
complex systems [5]. 
Complex systems can be composed of agents, hardware 
and software, that are connected, interdependent, diverse, 
adaptive, and path dependent, and their interactions result in 
emergent phenomena [6].  
Complex systems modelling by traditional analytical 
methods reaches a limit when trying to understand non-linear 
emergent phenomena with an intermediate degree of 
interdependence. Computer simulations provide numerical 
results that provide an important understanding of emergent 
dynamics in many kinds of systems. 
Ueda explained the synthesis problem and the emergence 
concept as well as their connection with problem-solving 
difficulties in complex manufacturing systems [7].  
The term synthesis, used with reference to the human 
activities for creating artificial items, is defined as the 
“engineering design … of an artifact”, where the latter is an 
“artifactual system having a certain purpose and a certain 
environment in which the system works”. In this framework, 
synthesis is a necessary component of the problem-solving 
processes in almost all phases of an artifact's life cycle. The 
life cycle of an artifact starts with design, continues through 
the phases of planning, production, and consumption, and 
ends with removal of the product. The main question is how 
the problem of synthesis can be solved: how to determine the 
system’s structure, which shows its function, to reach a goal 
under the constraints of dynamic environments and 
incomplete information. 
Solving the problem of synthesis is “to determine the 
system structure in order to realize its purpose under the 
constraints of the environment”. 
Instead of traditional approaches, which are analytic and 
deterministic, emergence based approaches are being 
developed with both bottom-up and top-down features. They 
include evolutionary computation, self-organisation, 
behaviour-based methods, reinforcement learning, multi-agent 
systems, game theory, etc. As to the characteristics of 
emergent systems, key words such as evolution, adaptation, 
learning, multi-agents, coordination and interactivity are 
appropriate: they indicate promising approaches for offering 
efficient, robust and adaptive solutions to the problem of 
synthesis [8]. 
3. Lego-like reconfigurable machining system 
In order to improve efficiency and provide high production 
capacity, industry uses Dedicated Manufacturing Line (DML), 
characterized by high automation level and high throughput. 
This approach however does not provide the desired flexibility 
to achieve product variability and proliferation. Other 
approaches, such as FMS and CIM, although providing the 
required flexibility, demand very costly investments that could 
not be acceptable whenever the market demand is variable, in 
particular during phases characterized by economic crisis. 
Starting in 1996 at the Engineering Research Center for 
Reconfigurable Manufacturing Systems (ERC/RMS) of the 
University of Michigan College of Engineering, the concept of 
a Reconfigurable Manufacturing System was developed, 
which is defined as a system “designed at the outset for rapid 
change in its structure, both for its hardware and software 
components, in order to quickly adjust its production capacity 
and functionality within a family of parts in response to 
sudden changes in the market or in the requirements imposed 
by regulations” [9,10]. 
Reconfigurable Machine Tools (RMTs) are essential to 
implementing such a system, as they extend the 
reconfigurability concept from the system (RMS) to the 
machine tool. In particular, reconfigurable machine tools have 
lower costs than numerically controlled machines (CNC 
machine tools), because with respect to the latter they employ 
a customizable flexibility that is the minimum necessary in 
order to manufacture products that belong to a given family. 
Since 1996, three typologies of RMT have been proposed: 
(i) Modular machine tools RMT, (ii) Multi-tool RMT, (iii) 
Arch-type RMT. By grouping several RMTs with a material 
handling system, such as conveyors, gantries modules, 
reconfigurable inspection modules, it is possible to configure a 
Reconfigurable Manufacturing System, RMS. 
Lego-like reconfigurability extends the paradigm 
characterizing RMT and RMS by considering the elements 
that are present in every machine tool [11]: 
 a device that supplies energy, by virtue of which a relative 
coupled motion is obtained between the tool used to 
provide the process and the workpiece; 
 a device for fixing and orientating the workpiece; 
 a device for conveniently fixing and orientating a tool; 
 a device for controlling the three above mentioned 
elements; 
 a device for operating the tool according to the used 
transformation process. 
A new kinematic architecture combines these elements and 
defines a new class of dynamically reconfigurable machine 
tools whose modular and scalable structure permits to 
dynamically host and integrate different processing 
technologies. 
Actually, the new kinematic architecture is conceived by 
rethinking the leadscrew-sleeve linear motion axis, 
specifically by topologically exchanging the role between the 
sleeve and the screw in order to eliminate the requirement 
concerning the holding structure necessary to support the 
screw and, consequently, any limit to the axis excursion: 
instead of giving the sleeve the function of converting the 
screw rotation into a linear movement, this function is 
assigned to the screw.  
Fig. 1-a shows the bed structure of the machine tool with 
the integral leadscrew racks (Fig. 1-b) that extend on the 
machine tool bed along the full length of the linear axis. The 
rotating screws are hosted on the movable cross-table (Fig. 1-
c); this solution permits to simultaneously accommodate on 
the same bed structure one or more cross-tables, where each 
cross-table can move independently from the others. On board 
of the single cross-table, the components for a specific 
processing or measuring task, such as milling, additive FDM, 
etc., can be hosted. 
 
 








Fig. 1. a) Modular bed structure with racks; b) screw-rack geometry; c) 








Fig. 3. Bed structure with two movable cross-tables: top milling spindle; 
bottom workpiece holder 
 
Fig. 4. Bed distribution structure serving four linear structures 
By dimensioning the longitudinal extension of the bed 
structure along the linear axis direction as an integer multiple 
of the teeth pitch of the leadscrew racks, two or more bed 
structures can be joined by means of coupling elements; this 
design permits to extend the axis length of the machine tool in 
a Lego-like fashion according to a modular scheme (Fig. 2). 
The duplication of the rack-screw solution on the bed structure 
consents to host on the modular bed other cross-tables that can 
move independently on parallel racks lines (Fig. 3). On these 
movable cross-tables, various devices to fix, move or rotate 
the workpieces as well as the tools can be hosted. Essentially 
two parallels rack lines can accommodate two cross table sets: 
up movable cross tables and bottom movable cross table. Each 
cross-table contains the actuating device (motor) to rotate the 
screws engaged with the leadscrew racks providing in this 
way the motion along the bed structures. 
In order to extend the flexibility and the reconfigurability 
of the machining system a distribution bed structure can be 
used (Fig. 4). In this way, any layout with linear as well as 
parallel lines can be set. 
The resulting system is characterized by the possibility of 
modifying the machining capacity as well as the processing 
technologies. Furthermore, available capacity and processing 
technologies may dynamically change. This characteristic 
provides another dimension to the manufacturing system 
complexity; actually, the number and the typologies of the 
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machine tools available in the shop floor are no more statically 
predetermined. 
In order to face the reconfigurable system complexity an 
emergence based approach based on multi-agent systems 
technology could be a solution for controlling the Lego-like 
reconfigurable machining system. 
4. Multi-agent technology 
A new software architecture for managing production 
systems at the tactical and operational levels has emerged. It 
can view a manufacturing system as composed of a set of 
intelligent agents, each responsible for one or more activities 
and interacting with other agents in planning and executing 
their responsibilities [12]. 
An agent is an autonomous, goal-oriented software 
paradigm that operates asynchronously, communicating and 
coordinating with other agents as needed [13]. 
A multi-agent system consists of a group of different types 
of agents that can take on specific roles within an 
organizational structure [14]. It can be defined as a loosely 
coupled network of problem solvers that interact to solve 
problems that are beyond the individual capabilities or 
knowledge of each problem solver [15]. 
Important characteristics of a multi-agent system are [16]: 
- each agent has incomplete information or capabilities for 
solving the problem (limited viewpoint) 
- there is no system global control; 
- data are decentralised; 
- computation is asynchronous. 
Most research on multi-agent systems focuses on the 
coordinative intelligent behaviour among a collection of 
autonomous intelligent agents considering that the group of 
agents provides more than the sum of the capabilities of its 
members [17]. 
4.1. Generic agent shell 
The FIPA Agent Management Reference Model that 
provides for the creation, registration, location, 
communication, migration and retirement of agents [18] is 
used in this paper. The entities contained in the reference 
model (Figure 4) are logical capability sets (i.e. services) and 
do not imply any physical configuration. These can be 
combined in the physical implementation of Agent Platforms 
(AP) defined by FIPA as the environment where agents can 
physically exist and operate [19].  
FIPA agents located on an AP utilise the facilities offered 
by the AP for achieving their functionalities. In this context, 
an agent, as a physical software process, has a physical life 
that has to be managed by the AP. The implementation details 
of individual AP and agents are the design choices of the 
individual agent system developers. 
The Generic Agent Shell (Figure 4) provides several 
layers of reusable services and languages. The services 
concerned with agents communication services to exchange 
messages with other agents, specification of coordination 
mechanisms (shared conventions about exchanged messages 
during cooperative action with other agents), services for 
conflict management and information distribution (voluntary 
or at request information of interest to other agents), 
reasoning and integration of purpose built or legacy 
application programs. The glue that keeps all layers together 
is a common knowledge and data management system on top 
of which these layers are built. The approach allows for a 
clear distinction between an agent’s social know-how 
(communication services, coordination mechanisms, 
information distribution services and other) and its domain 
level providing the problem solving capability. 
Purpose built application programs can make use of this 
agent architecture to enhance their problem solving 
capabilities and to improve their robustness through 
coordination with other agent-based applications. 
Pre-existing (legacy) application programs can also be 
incorporated with little adaptation and can experience similar 
benefits. This latter point is important because in many cases 
developing the entire application afresh would be considered 























Fig. 4. Generic agent shell. 
5. Multi-agent Lego-like reconfigurable machining system 
The multi-agent Lego-like reconfigurable machining 
system (MALReMS) activities are carried out according to 
the multi-agent interaction and cooperation protocols 
described below. 
Figure 5 shows the block scheme of the developed 
MALReMS, subdivided into three functional levels: 
- Enterprise Level, 
- Bed Unit Level,  
- Machine Level. 
In Figure 6, the detailed block scheme of MALReMS is 
shown. The Enterprise Level is responsible for coordinating 
the MALReMS activities to achieve the best possible results 
in terms of its goals, including on-time delivery, cost 
minimization, and so forth.  
The Enterprise Level comprises the Cooperation Agent 
(CA) and a Knowledge & Data Base Agent (K&DBA) that 
handles all the information relevant for production, including 
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Fig. 5. MALReMS block scheme. 
The Bed Unit level comprises one type of agent, the Bed 
Unit Agent, BUA, that is responsible for modifying the 
dimension of the travel length and the modular beds system 
layout. 
The Machine tool level comprises three types of agents:  
- the leadscrew axes agent (LAA); 
- the up movable cross-tables agent (UPA); 
- the bottom movable cross-tables agent (BA). 
The leadscrew axes agent is a passive agent and its main 
task is to communicate its actual state in terms of the position 
of the up and bottom movable tables coordinates. 
The up movable cross-tables agent is responsible for varying 
the number of tools/devices that machine the workpiece 
without requiring a modification of the elements (spindles, 
extrusion heads etc.) that already operate on the machining 
center, in particular a machine tool. 
The bottom movable cross-tables agent is responsible for 
moving the workpiece  holder table  taking into consideration 



















Fig. 6. Detailed MALReMS block scheme. 
5.1. MALReMS agent communication  
Communication is a fundamental aspect of a multi-agent 
system activity and takes place through exchange of messages 
between agents. The latter use a common language, the Agent 
Communication Language (ACL), to transfer information, 
share knowledge and negotiate with each other. 
The most widely used ACL is the one developed by the 
Foundation for Intelligent Physical Agents (FIPA), FIPA ACL 
[20], based on the “Speech Act Theory” by J.R. Searle [21]; 
this language originated from the linguistic analysis of human 
communication and is based on the idea that speech does not 
constitute only communications but also provides real actions. 
The unit for communication analysis is the message, 
called communicative act or performative. In FIPA ACL, the 
types of communicative acts that constitute the language basis 
are identified through the analysis of communication 
processes of interest for the world of artificial agents. 
FIPA ACL offers a set of standard communication acts or 
performatives to describe agent actions: e.g. to inform and 
confirm, request and query, agree and accept, propose, etc. It 
also allows users to extend them if the new defined actions 
conform to the rules of the ACL syntax and semantics. 
In Table 1, the communication acts or performatives 
utilized in the MALReMS are summarized. 
 
Table 1 





the sender informs the receiver that a 
given proposition is true 
Subscribe 
 
the action of requesting a persistent 
intention to notify the sender of the 
value of the reference, and to notify 
again whenever the object identified 
by the reference changes 
Request 
 
the sender requests the receiver to 
perform some action 
Agree 
 
the action of agreeing to perform 
some action, possibly in the future 
Refuse 
 
the action of refusing to perform a 
given action and explaining the 
reason for the refusal 
Propose 
 
the action of submitting a proposal to 
perform a certain action, given 
certain preconditions 
Call for proposals 
 
the action of calling for proposals to 
perform a given action 
Accept proposal 
 
the action of accepting a previously 
submitted proposal to perform an 
action 
5.2. MALReMS functioning  
A simplified configuration of the Lego-like 
reconfigurable machining system (Fig. 6) has been considered 
to describe the functioning of the MALReMS in terms of 
agent communications and activities in the three system 
levels. 
The reconfigurable machining system has two parallels 
rack lines accommodating two cross table sets: up movable 
cross tables and bottom movable cross table. The following 
configurations can be considered: 
1) the bottom movable cross table hosts various devices to 
fix, move or rotate the workpieces, while each up 
Enterprise Level 
Machine Level 
Bed unit Level  
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movable cross table hosts different tools. In this type of 
configuration, the bottom cross table moves under each 
up cross table to permit the related machining operation; 
2) the workpiece inertia is very high, the bottom cross table 
is secured in a fixed position while each up cross table 
moves on it. 
For the sake of simplicity, the functioning of the 
MALReMS, is described by considering the configuration 1). 
Initially, the CA in the Enterprise Level receives 
information from other CA on the sequence of processing 
operations to be carried out on the workpiece and inform the 
K&DBA through a C-K inform communicative acts. The CA 
requests to all UPA to perform the first operation through a C-
Ui request act. 
Each UPAi starts collecting the necessary information 
(e.g. type of tool mounted on it) deciding whether or not the 
required operation can be carried out. The UPAi accepts 
(refuses) the request to perform the operation through an Ui-C 
agree (refuse) act.  
In case of order refusal, the CA contacts external CAs 
requesting an UPA able to perform the required operation. At 
the end of this procedure, the CA informs the K&DBA about 
the operation allocation results through a C-K inform act and 
requests the BA, to move under the UPAi, ready for the first 
machining operation, through a C-B propose act followed by 
a B-C agree (refuse) act. 
Simultaneously, the BA obtains from the BUA the 
availability of unit for moving in the requested position, 
through B-BU subscribe act followed by BU-B inform replies. 
The BA informs the K&DBA about the its status and position, 
through a B-K inform act. If the chosen UPAi and BA are in 
the right position, the CA asks to the UPAi to start with the 
machining operation on the workpiece mounted on the BA 
through a C-UP request act. At the end of the machining 
operation, the UPAi informs the K&DBA. These data are 
regularly fed to the K&DBA that makes them available for 
further requests and interrogations by the relevant agents; this 
is obtained through a K-UPi subscribe act, followed by UPi -
K inform replies. 
The CA asks regularly to the KA about the UPAi in order 
to start a new procedure for the second operation on the just 
machined workpiece.  
The previous steps are repeated for each machining 
operation describes by the process planning until the 
completion of the required output workpiece. 
6. Conclusion 
In this paper, a new modular, reconfigurable and scalable 
Lego-like machine tool is presented. The resulting system is 
characterized by the opportunity to increase or reduce the 
machining capacity. This augmented flexibility creates new 
possibilities for efficient manufacturing and enables 
cooperation strategies; however, the increased system 
complexity demands a new approach for the jobs scheduling 
and machining control. An emergence approach based on 
Multi Agents System (MAS) to manage the machining system 
complexity, that results from the novel reconfigurability 
approach, has been presented. 
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